Airplanes have been expected as a new platform for Mars exploration. This paper presents conceptual design results of a Mars airplane for various entry capsule diameters, payload mass, and flight range. The conceptual design method includes considerations of the deployment mechanism using hinges and aerodynamic characteristics at low Reynolds number. The results reveal a relation among total mass of the airplane, entry capsule size, payload mass, and flight range. When the total mass and entry capsule diameter are fixed, the flight range is expressed as a linear function of the payload mass with negative slope. When the entry capsule diameter and the payload mass are fixed, optimal total mass from the viewpoint of the flight range is found for each entry capsule diameter. Finally a specification of the airplane at the optimal total mass is shown. An airplane weighing 34.0 kg shows a maximum range of 370 km under the conditions of an aeroshell diameter of 3 m and a payload mass of 3 kg.
Introduction
Airplanes have been expected as a new platform for Mars exploration. 1, 2) Possible science targets include magnetic field observation, meteorological observation, dust devil observation, etc. 3) Payloads for exploration airplane must be defined considering not only excellence of scientific efforts or requirements of payloads but also constraints of the airplane. Because there are various combination of the payloads and required exploration ranges, single design proposal for certain specified payloads is not enough for conceptual mission study. It is required to show the trade-off relations among engineering and scientific specifications. Then scientists can choose the valuable combination of the payloads and the ranges from the clarified relations. This paper shows the result of the conceptual design of the Mars airplane and discusses the relation among airplane size, total mass, payload mass, and flight range.
Mission Scenario
The Mars airplane packed in an entry capsule is transported to Mars using a rocket. The capsule entries into the Martian atmosphere and opens a parachute. Then the Mars airplane is released from the capsule. The stowed-configuration airplane deploys tail and wings, and transforms to the flight configuration. The airplane controls the attitude and starts horizontal flight using propellers. Then some scientific observations are performed.
Conceptual Design Method
A wing area of the Mars airplane must be large due to rare atmospheric density on Mars. On the other hand, the size is limited because the airplane must be stowed into the entry capsule. Deployment mechanisms are one of the solutions for this conflict problem. Therefore this conceptual design of the Mars airplane contains the consideration of the deployment mechanisms. As shown in Fig. 1 , this study adopts a folding mechanism using hinges as a deployment mechanism because the folding mechanism is believed to be simple and lightweight. We assumed that the folded wings can overlap each other for the simplicity of the conceptual design.
A conceptual design process basically followed Refs. 4) and 5). Figure 2 shows a flowchart of the conceptual design. Design requirements and constraints were defined at first. Input parameters were obtained based on the requirements and constraints. This conceptual design uses iterative method. In the iteration loop, aerodynamic performance and geometry were designed first. This section calculates wing area, wing planform, drag, and so on. Next, a propeller system was designed using the obtained drag. A design method of a propeller system was based on the method of Adkins and Liebeck. 6) Experimental data on the aerodynamic characteristics under the low Reynolds number and high Mach number were used as aerodynamic characteristics of the propeller elements. 7) A total power was calculated using the propeller required power obtained by the propeller system design. The mass of the each component such as a wing, fuselage, and deployment mechanism were then estimated. A battery mass was defined as a difference between calculated total mass without the battery and input total mass. A flight range and endurance can be calculated using the battery mass and the total power. Finally the X-directional distance between the main wing and the fuselage was adjusted to move a center of gravity to the predefined position. The calculation was iterated until this adjustment was converged. Table 1 shows requirements and constraints. As shown in Fig. 1 , a maximum number of the hinge was set to 1 per right wing, left wing, and tail, respectively. The main wing aspect ratio was limited depending on the referenced experimental data. 8) Table 2 shows primal input parameters. They were based on the past conceptual design. 9) The airplane total mass, payload mass, and entry capsule diameter were also input parameters for the conceptual design. They were varied as analysis parameters.
The temperature and pressure of the atmosphere were calculated based on 10) as a function of a height. A viscosity coefficient was calculated using the Sutherland's formula for carbon dioxide.
A flight Mach number was set to 0.3 because it was relatively high and possible to treat as an incompressible flow.
A fuselage shape was assumed to be a circular cylinder. Its volume Vfuse was calculated assuming that the volume was proportional to the total mass MTotal. A proportional constant was assumed based on 5).
An initial length of the fuselage lfuse, ini was obtained using empirical formula:
A diameter of the fuselage can be calculated using the volume and length of the fuselage. A lower limit was set to 0.14 m. An area and a lift coefficient of the main wing were obtained using the method in 5). An aspect ratio of the main wing was set to high under the limitation due to the entry capsule diameter and the number of the hinge. A wing chord length can be calculated from the wing area and the span. Horizontal and vertical tail areas were calculated using horizontal and vertical tail volume coefficients. Horizontal and vertical tail volume coefficients were set to 0.5 and 0.04 respectively as a typical value. 4) Initial values of aspect ratios of the horizontal and vertical tails were set to 3 and 1.3, respectively. 4) The tail was designed with initial aspect ratios if it was possible, otherwise the aspect ratios were modified to fit into the entry capsule.
A tail boom, total drag, propeller system were designed using the method in 5). Here, a propeller rotational speed was determined using the cruise velocity and the propeller diameter as the condition that the propeller tip Mach number become 90 % of the allowable propeller Mach number.
The axial power obtained by propeller system design was converted to the power consumption of the motor using a motor efficiency.
11)
The total power was obtained as a sum of the power consumption of the motor, payload, and onboard component.
A method of a mass estimation followed 5). Here, the sum of the mass of the communication system, air data sensor, avionics, DC/DC converter was set to 2.3 kg. The mass of the deployment mechanism and margin were set to 10 % of the total mass, respectively. The battery mass was obtained as a difference between the input total mass and calculated total mass without the battery. After the battery mass calculation, the flight range and endurance were obtained using the battery mass and total power as 5).
Relative position of each structure was determined as follows. A nose position was set to 5 % inside of the entry capsule circumference. A distance between main wing and tail was determined by the tail moment arm. As shown in Fig. 3 , the position of the center of gravity was adjusted by the distance between the main wing and fuselage. In this study, the position of the center of gravity was set to 30 % of the chord, by referencing to the Mars airplane ARES of NASA. 1) If the trailing edge of the main wing become outside of the entry capsule, the fuselage was shortened and conceptual design was performed again.
A minimum iteration number was set to 20 times. The design loop was iterated until the adjustment length of the center of gravity decreased below 1 mm. In each iteration, the tail moment arm and the propeller diameter were set to optimal values in terms of the flight range using active-set algorithm in MATLAB. 12) Fig. 3 . C.G. adjustment by distance between main wing and fuselage.
Study Conditions
The objective of this study is to clarify how long the airplane could fly with various payload mass and airplane scale. Therefore a parametric study was performed with changing the total mass, the entry capsule diameter, and the payload mass. Then the flight range was compared for each design. The diameter of the entry capsule was set to 2 or 3 meters as a typical value. Here, the case of 1 meter was excepted because a feasible design solution was not obtained under the design condition in this paper. As a parametric study, the total mass changed from minimum to maximum in the designable range at regular intervals. The payload mass changed from zero to maximum in the designable range for each entry capsule diameter at regular intervals. These design results reveal the optimal total mass which maximizes the flight range for each entry capsule diameter. Even more, a relation between the payload mass and the flight range at the optimal total mass is clarified. Finally a specification of the airplane at the optimal total mass is shown. When the total mass and entry capsule diameter were fixed, the flight range was expressed as a linear function of the payload mass with negative slope. This is because, in this conceptual design method, the increase of the payload mass is compensated by the decrease of the battery mass under the constant total mass condition. The absolute value of the slope decreased with increase of the total mass because the proportion of the payload mass to the total mass becomes small.
Results and Discussion
On the other hand, when the entry capsule diameter and the payload mass were constant, the flight range increased with increasing the total mass at first. However, the flight range showed maximum value at a certain total mass and then the flight range decreased with increasing the total mass. The total mass which showed the maximum flight range in this study were 17.5 kg and 34.0 kg for the entry capsule diameter of 2 m and 3 m, respectively. This tendency is based on the aspect ratio of the main wing. Figure 5 shows the relation between the total mass and aspect ratio at the entry capsule diameter of 3 m. Note that Fig. 5 can be obtained by any payload mass because the main wing aspect ratio depends on the total mass, not the payload mass. As shown in Fig. 5 , the aspect ratio kept high value when the total mass was low. It means that the size and mass of the airplane were increased and the aerodynamic performance kept high. However, the aspect ratio decreased when the total mass was higher than 34.0 kg. The span reached the limitation due to the entry capsule diameter and the number of the hinge, therefore the chord length increased to increase the wing area under the constant span length condition. The decrease of the aspect ratio worsens the aerodynamic performance. Figure 6 shows the mass breakdown of each total mass design at the entry capsule diameter of 3 m. Figure 6 indicates that the propulsion system mass become large when the total mass is above 34.0 kg. This is caused by the increase of the required thrust because the drag increased due to upsizing and increase of the drag coefficient by the aspect ratio decrease. Therefore even though the total mass increased, the airplane could not increase the battery mass and the flight range. In this design method, the optimal design from the viewpoint of the flight range is to upscale the airplane size while keeping high aspect ratio under the given entry capsule diameter.
Let us now discuss the optimal design results for each entry capsule diameter. Figure 7 shows the relation among payload mass, flight range, entry capsule diameter, and optimal total mass for each diameter. This relation can be approximated by following fitting functions:
Using this relation, we can easily design airplane for various missions proposed by scientists. Therefore this figure is useful for mission determination with scientists. Note that this relation is satisfied only under the conditions described in this paper.
Finally two design examples for the entry capsule diameter of 2 m and 3 m were proposed. Here, the payload mass was set to 3 kg as a typical value. Table 3 shows the specification of each design. The flight ranges of the design for the entry capsule diameter of 2 m and 3 m were 131 km and 370 km, respectively. Figure 8 shows the mass breakdown of the optimal total mass designs for each entry capsule diameter. Major contents were propulsion system, battery, and payload in both designs. Especially the mass of the battery accounted for 30 % of the total mass in the design for the entry capsule diameter of 3 m. Figure 9 shows mass breakdown of the onboard components. 
Conclusions
The parametric study results revealed a relation among total mass of the airplane, entry capsule size, payload mass, and flight range. When the total mass and entry capsule diameter were fixed, the flight range was expressed as a linear function of the payload mass with negative slope. When the entry capsule diameter and the payload mass were fixed, optimal total mass from the viewpoint of the flight range was found for each entry capsule diameter. In this design method, the optimal design from the viewpoint of the flight range is to upscale the airplane size while keeping high aspect ratio under the given entry capsule diameter.
One of the future works is a consideration of the propulsion system. In this study, the number of the propeller and blade were fixed to 1 and 2, respectively. The effect of those parameters on the mass of the propulsion system should be investigated because they might have a high contribution at heavy propulsion system designs.
